To address the growing energy demand and the climate change problem, clean energy conversion and storage systems, such as rechargeable metal-air batteries, water splitting devices, and fuel cells, have attracted ever increasing interest. [1] [2] [3] The oxygen evolution reaction (OER), which is often associated with sluggish kinetics and high overpotential (η), is generally the ratelimiting step in the above systems. 4, 5 Extensive efforts have been devoted to developing highefficiency OER catalysts, particularly cheap alternative materials to the state-of-the-art noblemetal OER catalysts, such as RuO x and IrO x . Over the last decades, various 3d transition metal (TM = Fe, Co, Ni and Mn, etc.) oxides and their derivatives have been widely studied as important alternative OER catalysts due to their earth-abundant, low cost, environment-friendly features and high catalytic activity. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Among these catalytic materials, Co-based oxides and derivatives, such as Co-based oxide nanocrystals 6, 7 , sulphides 8 , selenides 9 , phosphides 10 , nitrides 11 , borides 12 , perovskites 13 and layered hydroxide 14, 15 are stable and have been proven to be highly competitive with noble-metal catalysts.
OER is a four-electron process, which involves the H 2 O or OH -reactants adsorption, O-H bond breaking, O=O double bond formation, O 2 product dissociation and the coupling of multiple proton and electron transfers. 4, 5 The catalytic activity of OER catalysts is closely associated with the numbers and the intrinsic activity of the OER active sites, namely, the TM atoms at the surfaces of the catalysts. The numbers of the surface active sites generally depend on the morphology and size of the catalysts. Thus nano-and porous-structures with large specific surface area were usually designed to enhance the catalytic activity. 8 The intrinsic activity of the TM active site is highly related to the electronic structures (spin configuration and oxidation state) of surface TM ions and their local coordination environments. For example, Shao-Horn and coworkers 13 demonstrated the OER activity of perovskite oxides directly depends on the e g orbital 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 filling of the transition-metal ions, which are named as Shao-Horn's principle. In addition, Liu et al. 16 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 an important role in OER. 23 . Following the study by Bruce and co-workers 24 , the monoclinic γ 0 -LCS with P2 1 /n S.G. was formed by heating β I -LCS to 1100℃ then quenching from 850℃, featuring the 100% intensity of reflection at 2ɵ = 35.7° corresponding to its (002) plane. Figure S1 shows the Rietveld refinement of the X-ray diffraction data for the three phases of LCS nanocrystals. The The surface morphologies of the β II -, β I -, and γ 0 -LCS nanocrystals were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images. It can be observed from Figure S2 that the length and width of β II -LCS nanoparticles are ～100 nm and ～50 nm, respectively, and the moderate heating temperature of 700℃ cannot change the 7 size of the β I -LCS nanoparticles but the higher temperature at 1100℃ makes the γ 0 -LCS particles into larger micron chunks, also reflected from the decreased specific surface area ( Figure S3 ).
High resolution transmission electron microscopy (HRTEM) images in Figure 1e -g further show that the (100) normal surfaces are the main exposed surfaces for the three phases. Our previous simulated equilibrium crystal morphologies 25 of the β II -, β I -, and γ 0 -LCS structures via ab initio calculations combined with Wulff constructions also showed that the (100) normal surfaces are the main exposed surfaces for the three phases (See more details in insets of Figure S2g We then calculated the turnover frequency (TOF) and specific activity (SA) of the LCS series nanocatalysts to compare the intrinsic OER performance. The TOF reveals the activities of the above catalysts when assuming every metal atom to be catalytically active, and the SA is normalized to the specific surface area ( Figure S3 ) and reflects the intrinsic activity of a Using IrO 2 as the reference, chronopotentiometry (E-t) measurements were finally performed with a glassy carbon electrode to evaluate the catalytic long-term durability for the LCS catalysts. As shown in Figure S5 , the β II -, β I -, and γ 0 -LCS retained nearly a constant operating potential of 1.5, 1.53, and 1.61 V, respectively, for delivering 10 mA cm -2 current density at a pH value of 14 over an operation time of 10000 seconds, whereas the potential of IrO 2 increased steadily (> 60 mV) under the same conditions. Moreover, chronoamperometry (J-t) of the LCS series catalysts loaded onto a carbon fiber paper (CFP) under a potential of E = 1.55
V (corresponding to η = 320 mV that delivered ∼10 mA cm -2 current density for the benchmark IrO 2 ) also shows excellent stability over 100 hours (Figure 2e) . Clearly, the β II -LCS catalyst can deliver an ultrahigh activity and excellent durability, and holds great potential as an efficient, robust, and cost-effective OER catalyst of practical significance.
HRTEM was first employed to evaluate the structural evolution of the β II -, β I -, and γ 0 -LCS samples after chronoamperometry for 20 hours at +1.55 V vs. RHE in the OER region. In β IIand β I -LCS samples, the periodicity of the crystals (Figure 3a and S6) is reduced on the surface of ～10 nm depth, but the internal lattice (Figure 3b ) fringes are intact, illustrating that the surface structural changes occur in both β II -and β I -LCS samples with ～10 nm depth during OER. In γ 0 -LCS sample ( Figure S6 ), surface structural changes only occur at atomic layer depth on the surface. In view of lithium-ion battery electrode materials as OER catalysts, the oxidation (Figure 2a, inset), which are lower than the bulk values. It is most likely that the Li ions at the surface and subsurface were fully extracted while the bulk lithium atoms were partially extracted, due to the poor lithium ion diffusion of the full tetrahedron orthosilicates. 22, 28 Nevertheless, the delithiation peak around 1.0 V of γ 0 -LCS is too weak to be ignored, indicating that its delithiation on the surface is difficult.
XPS further demonstrates that the delithiation only occurs at the surface of the β II -and β I -LCS. Before OER, the binding energies of Li1s in three LCS samples locate at 54.9 eV and the binding energy of Co2p3/2 at 780.8 eV corresponds Co 2+ ( Figure S4 ), after OER, XPS in Figure   S7 shows that Li signal of the β II -and β I -LCS samples were lacking, and the broad peaks at Co2p3/2 are consistent with the fitting results of Co 2+ (2p 3/2 at 780.8 eV) and Co 3+ (2p 3/2 at 779.5 eV) 7 , the ratio of Co 3+ /Co 2+ follows the order of β II ≈ β I > γ 0 . The results from synchrotron-based surface sensitive soft X-ray absorption spectroscopy (sXAS) further confirm this conclusion ( Figure S8 ). Subsequently, we employed argon-ion to etch the surface of the catalysts for 50s to obtain the elements information inside crystal. The results (Figure 3c) show that Co2p in etching LCS sample has the same satellite at 785.5 eV as LCS before OER. This satellite represents the characteristics of Co 2+ and further supports the unchanged internal structure of LCS after OER.
So XPS experiment results provided evidences for the stability of the surface delithiated LCS particles. In addition, it has been reported that lithium transition-metal silicate materials have a stable delithiated structures 22, 29, 30 , which revealed the stability of the delithiated LCS particles. What factors account for the high intrinsic activity of β II -LCS nanocrystal for OER? We investigated the O1s binding energy on the surfaces of the β II -, β I -, and γ 0 -LCS before and after OER ( Figure S4c and Figure 3d ). Figure S9 ), the strongest O-H stretching peak of β II -LCS nanocrystal indicates the most OH adsorption. 35 After OER catalysis, the OH -adsorption capacities of all LCS nanocrystals further increase but only the FTIR peak for the β II phase shifted to even lower wavenumbers of 3200 cm -1 (Figure 3e) . It is well known that a saturated H bond (e.g., the short hydrogen bond, SHB) shows a softer H vibration mode. 36 Thus, the observed reduction in the FTIR peak wavenumber after OER agrees with the formation of SHB, leading to the binding energy of OH abs being shifted negatively.
Based on above results, we computed OH adsorption on the delithiated structures for the three phases in alkaline media using ab initio calculations ( Figure S10 ). Interestingly, we found that hydrogen bonds are indeed formed between two adjacent OH -groups, which are chemisorbed on two adjacent Co atoms on the delithiated (100) surface of β II -LCS. Figure 3f shows the calculated structure evolution with the surface lithium extraction for the (100) surface of β II -LCS with OH adsorption. The calculated surface Pourbaix diagram based on the (100) face of β II -LCS after and before the delithiation ( Figure S11 ) proves that the adsorption structures in Figure 3e are the most stable structures without the external voltage within the range of pH = 0 to 14. As reported by our previous work 22 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 transfer between two OH -ions adsorbed on two adjacent Co ions on the surface without delithiation (image i: hydrogen bond of 2.725 Å) and with full delithiation (image ii: short hydrogen bond of 2.54 Å). These data indicate that the proton transfer exhibits a much lower energy barrier between the two adsorbed OH -ions to generate a SHB. Figure 4b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 Although the proposed dual-center reaction path with the SHB is a more efficient way for the OER catalyst, the possible effect of the single-center model can't be ruled out. It is most probably the single-and dual-center models working together in the OER process. According to the above theoretical prediction, the β II -LCS should have a high OER catalyst activity and kinetics for water splitting.
In summary, three phases (β II , β I and γ 0 ) of LCS nanocrystals were investigated as OER electrocatalyst for water splitting in alkaline media. The β II -LCS was proven to be a highly efficient, robust, and cost-effective OER electrocatalyst, outperforming IrO 2 and most reported
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